Abstract. Physical processes of the energy transport in solar wind turbulence are a subject of intense studies, and different ideas exist to explain them. This manuscript describes the investigation of dispersion properties in short-wavelength magnetic turbulence during a rare high-speed solar wind event with a flow velocity of about 700 km s −1 using magnetic field and ion data from the Cluster spacecraft. Using the multipoint resonator technique, the dispersion relations (i.e., frequency versus wave-number values in the solar wind frame) of turbulent magnetic fluctuations with wave numbers near the inverse ion inertial length are determined. Three major results are shown: (1) the wave vectors are uniformly quasiperpendicular to the mean magnetic field; (2) the fluctuations show a broad range of frequencies at wavelengths around the ion inertial length; and (3) the direction of propagation at the observed wavelengths is predominantly in the sunward direction. These results suggest the existence of high-frequency dispersion relations partly associated with normal modes on small scales. Therefore nonlinear energy cascade processes seem to be acting that are not described by wave-wave interactions.
Introduction
Solar wind is often believed to be in a fully developed turbulent state. Yet, energy transport across different scales (or energy cascade) in collisionless plasmas is one of the unsolved problems, and different scenarios exist. The fact that fluctuation amplitudes are small compared to the background magnetic field leads us to hypothesize that the weak turbulence approximation may be valid in solar wind turbulence. In this approach various linear modes are considered to be nearly independent components of the turbulent fluctuations and their interactions to be weak so that many collisions of wave packets are needed to reach higher frequencies and wave numbers. Our concern here is short-wavelength turbulence, that is, fluctuations with wavelengths of the order of less than the proton inertial length. Two such linear modes are particularly relevant: kinetic Alfvén waves (KAWs) (Sahraoui et al., 2012) and oblique magnetosonic/whistler (MS/WHS) waves (Gary and Smith, 2009; Gary et al., 2012) . Also, ion cyclotron waves at quasi-parallel propagation (He et al., 2012) and ion Bernstein (IB) waves at quasi-perpendicular propagation (Verscharen et al., 2012; Podesta, 2012) are likely to exist in short-wavelength plasma turbulence.
One of the main problems in wave analysis of solar wind turbulence is the Doppler-shifted frequencies in the spacecraft frame ω sc = ω re + k · V SW , where subscripts "sc" and "re" denote the spacecraft and the solar wind rest frame, respectively, and k and V SW denote the wave vector and the solar wind velocity. While single-spacecraft data analyses often require Taylor's hypothesis (Taylor, 1938) neglecting frequencies in the rest frame ω re , the dispersion relation analysis by multi-spacecraft data is a powerful method of separating spatial and temporal variations. Multi-spacecraft missions like Cluster ) provide the opportunity for such a task, and can determine the wave vector k directly and thereby determine the Doppler shift k · V SW unambiguously.
The fluctuation properties are different between the slow and the fast solar wind at 1 AU. While slow-wind turbulence shows characteristics of counter-propagating waves in the plasma rest frame with respect to the Sun-to-Earth direction, the fast wind is dominated by anti-sunward propagating waves on large scales (Marsch and Tu, 1990a) . Dasso et al. (2005) found a slab fluctuation geometry associated with wave vectors quasi-parallel to the background magnetic field in fast solar wind turbulence and a two-dimensional geometry associated with perpendicular wave vectors in the slow solar wind. As weak turbulence conditions seem to be fulfilled at sufficiently short wavelengths in the solar wind, we hereby raise the question if it is possible to describe the highspeed solar wind turbulence as an interacting set of linear wave modes.
Studies about mode identification in solar wind turbulence have been done for a long time by using the magnetic and electric field spectrum (Leamon et al., 1998; Bale et al., 2005; Salem et al., 2012) as well as investigations of magnetic variance anisotropy (TenBarge et al., 2012) and suggest that KAWs are the main constituent of short-wavelength solar wind turbulence. Sahraoui et al. (2010a) and Roberts et al. (2013) confirm these observations, since they identify only KAWs at frequencies lower than the gyrofrequency of the protons (ω < p ) using the k-filtering (or wave telescope) technique (Pinçon et al., 1991; Motschmann et al., 1996; Glassmeier et al., 2001) . In contrast, the analysis done by Narita et al. (2011a) using the multi-point signal resonator technique, MSR (Narita et al., 2011b) , showed highfrequency (ω > p ) fluctuations in weak agreement with MS/WHS modes but without evidence of KAWs at scales around the inertial length of the ions.
In this paper we study a case of high-speed solar wind turbulence at ion kinetic scales using the MSR technique, which is very useful for dispersion relation analysis due to the enhanced signal-to-noise ratio compared to the wave telescope spectrum. Our analysis shows strong evidence of quasi-perpendicular wave vectors with respect to the background magnetic field, a broad range of frequencies (0 < ω 8 p ) over 0 < kV A / p < 3, where V A denotes the Alfvén velocity, without a clear ω(k) dispersion relation, and weak evidence of sunward propagating fluctuations at wavelengths smaller than the ion inertial length of the protons is found. 
Data selection and analysis
On 2 April 2002, 05:25-06:35 UT, the Cluster satellites encountered a high-speed solar wind event in front of the Earth while forming a nearly regular tetrahedron with separation of about 100 km and Q GM in the range of 2.62 to 2.72. The index Q GM characterizes the satellite spatial configuration: the regular tetrahedron geometry is represented by Q GM = 3, a plane where all satellites lie by Q GM = 2, and a collinear geometry by Q GM = 1, respectively (vom Stein et al., 1992; Robert et al., 1998) . We use time-series data registered by the fluxgate magnetometer (FGM) ) on board Cluster and the Cluster ion spectrometry experiment (CIS) (Rème et al., 2001 ) at sampling rates of 22 Hz and 4 s, respectively. We split them into 5 sub-intervals with lengths of 5-13 min ( Fig. 1 ), so that all these sub-intervals exhibit an almost constant local flow velocity and magnetic field with magnitude variation about 0.1 nT and directional variation about 10 • with about 18 • for the last interval. Thus, we conclude that the data fulfill the required analysis assumptions of a stationary and homogeneous situation. The averaged magnetic field magnitude B 0 over the sub-intervals is 4.3 nT; the flow velocity V SW is between 714 and 740 km s −1 , the ion number density n about 1.7 cm −3 . The plasma parameter for protons, β p , is about 2.3; the ratio of the ion temperatures perpendicular and parallel to the magnetic field T ⊥ /T is 0.9 as well as T p /T e ≈ 3.4, the ratio of the total ion and electron temperature. Table 1 presents the parameters for each interval. We exclude foreshock activities in the data by checking the ion distributions from CIS. The analysis procedure is as follows. First, we transform the magnetic field data from the GSE (geocentric solar ecliptic) into the mean-field-aligned (MFA) coordinate system, where z is parallel to the local mean magnetic field B 0 . The Table 1 . Solar wind parameters of the five selected intervals. Electron temperatures were measured by the electron plasma instrument, PEACE (Johnstone et al., 1997) . Time series data of the fast solar wind event measured by Cluster-1: Magnetic eld e |B| and components in GSE coordinates: B x (black), B y (blue), and B z (red) in the anels, ion bulk velocity |V SW | in the middle and ion number density n i in the bottom he gray shaded time intervals are used for the analysis. Solar wind parameters of the ve selected intervals. Electron temperatures were by the electron plasma instrument, PEACE (Johnstone et al., 1997) .
Power spectra of the magnetic uctuations parallel and perpendicular to B 0 of the terval with spectral break around f sc ≈ 0.4 Hz. The peak at 0.25 Hz is spacecraft spin . y axis results from B 0 × V SW , and the x axis completes the right-hand system. Second, the power spectrum in the spacecraft frame of the magnetic fluctuations for each interval is estimated by fast Fourier transform (FFT) with N non-overlapping (i.e., independent) windows containing 1024 data points. Figure 2 displays representatively the power spectra of parallel, P || = P z , and perpendicular fluctuations, P ⊥ = P 2 x + P 2 y , with respect to the mean magnetic field B 0 of the second interval. It represents a typical solar wind spectrum in that the perpendicular fluctuations dominate and in that a spectral break appears around 0.4 Hz separating it into two distinct spectral curves (Leamon et al., 1998) with spectral indexes of about −5/3 and −11/3, respectively. The frequency around the spectral break is comparable to the frequency of the Dopplershifted ion gyroradius, f ρ = V SW /2πρ = 0.47 Hz, where ρ denotes the ion gyroradius. The maximum frequency for the wave vector analysis is f cut = 1.2 Hz, where the FGM measurements reach the noise level indicated by the flattening at the end of the spectrum. The peak at 0.25 Hz occurs due to the spacecraft spin. The 95 % confidence intervals are evaluated for 2×4×N and 4×N degrees of freedom, representing the two perpendicular components and one parallel component, the N independent windows, and measurements of the four satellites.
Third, the satellite separation and configuration as well as the the flow velocity limit the accessible wave-number and frequency range. The maximum wave number corresponds to k max = 0.022 rad km −1 ). The minimal wave number is set to k min = k max /10, suggested by numerical studies of Sahraoui et al. (2010b) , such that the relative error of the determined wave vector is smaller than 10 %. Applying the analysis to spacecraft frequencies lower than k max · V SW /2π = 2.5 Hz avoids spatio-temporal aliasing what is met by the limitation due to the noise frequency f cut . Frequencies around the spin frequencies are excluded from the wave vector analysis, too.
The adaptive MSR technique estimates the wave power P (ω, k) at a certain frequency ω and wave vector k using a minimum variance projection weighted by the orthonormal condition between noise and signal eigenvectors of crossspectral density of the magnetic field data. Thus, the MSR technique in combination with the FFT settings enables us to determine the wave power P (ω sc , k) at various wave vectors for wave frequencies ω sc ≤ 2πf cut with a sampling step δω = 0.135 rad s −1 assuming coherent, long-time existing, plane wave structures. Here, the spherical wave vector domain is discretized into a 100 × 60 × 70 grid in radial, azimuthal, and polar directions. The sampling steps are δk = k max /100, δϕ = 6 • and δθ = 1 • close to 0, 90, and 180 • , otherwise 5 • . A set of frequency and wave vector is obtained at which waves exist clearly if a value of P (ω sc , k) is a local maximum at the wave vector k for a chosen wave frequency ω sc , graphically represented in Fig. 3 as the projection of the spectrum into the wave-number planes (reduced power spectrum).
Finally, since we are interested in the dispersion relations in the plasma rest frame, we correct for the Doppler shift and plot the (ω re , k) combinations in Fig. 4 . The wave frequency ω re is normalized to the proton gyrofrequency p = 0.41 rad s −1 and the wave number to the proton inertial length V A / p = 178 km, where V A = 72 km s −1 is the Alfvén velocity. The error of the estimated frequencies in the rest frame is that of the Doppler shift (Narita et al., 2003) . Hence the relative error of the frequencies is |δω re /ω re | ≤ |δk/k| + |δV /V | ≤ 0.12. The standard deviations of the ion velocity data are used for this estimation. 
Results
The results of the analysis are presented in Fig. 4 . The quasiperpendicular wave vector orientation with respect to the mean magnetic field at various wave numbers across the ion inertial length is clearly visible in the upper panel showing the angle θ kB between the wave vectors and the background magnetic field. The average of all measured angles is θ kB = 92 • with a standard deviation of 7 • . On the other hand, the observed points in the lower panel show an increase in frequency spreading for increasing wave numbers up to an order of magnitude, suggesting, as in Narita et al. (2011a) , that identification of a specific normal mode may be difficult. In addition to this earlier work, we use numerical solutions of the full kinetic linear dispersion equation (Gary, 1993) and obtained frequency versus wave-number plots for several different modes as plotted in Fig. 4 . From the comparison, several conclusions can be drawn.
First, consider the solid lines, which represent the magnetosonic waves at ω re < p and the lightly damped regimes of the lowest frequency proton Bernstein (PB) harmonic modes at quasi-perpendicular propagation (in this case θ = 80 • ). Over the frequency range p ≤ ω re ≤ 5 p , some observed dispersion relations show weak agreement with these normal modes.
Second, the short dashed line represents the MS/WHS mode at θ = 60 • where the PB modes are suppressed. Here, this obliquely propagating mode is a plausible representation of the wave properties. Its distinctly positive dispersion (∂ 2 ω re /∂k 2 > 0) is a relatively weak function of θ and possesses features similar to the observations. Narita et al. (2011a) obtained a similar agreement using a cold plasma representation for MS/WHS dispersion.
Third, the long dashed line represents the weakly damped kinetic Alfvén mode propagating at 80 • relative to the background magnetic field. The dispersion of this mode is proportional to k so that, given the strongly oblique propagation of each mode observed here, this curve represents an approximate upper bound for any correlation with the observations. Thus, as in Narita et al. (2011a) , the substantial majority of points on the frequency-wave-number distribution lie closer to the predicted MS/WHS dispersion curve than to the predicted KAWs.
(5:31-5:41 UT) at ω sc = 3.44 rad/s. The white crosses indicate the maximum spectrum. The analysis also provides information about the direction of wave propagation in the plasma rest frame. A negative value of ω re indicates sunward direction of the wave vector k, and a positive ω re represents anti-sunward propagation. To determine the sign of dominant energy transport direction, we calculated the wave power ratio (P + − P − )/(P + + P − ), where P + denotes the power of waves with positive ω re and P − for negative values, respectively, binned in the wavenumber domain. The result is displayed in Fig. 5 , where the value −1 is associated with dominant sunward propagation and +1 with a dominant anti-sunward one. The distribution exhibits two populations: the first one around kV A / p 1 indicates an energy balance in counter-propagating waves; the second population at kV A / p 1 is dominated by sunward propagating waves. The error bars refer to the width of the binning intervals and the variance of the determined : Power ratio between sunward and anti-sunward propagating waves. power ratio values, respectively. The average number of data sets in one binning interval is about 15.
Discussion and conclusion
Using magnetic field and ion measurements from the Cluster spacecraft during an interval of high-speed flow in the solar wind, we have used the MSR technique to analyze the plasma frame frequency versus wave-number dispersion relation for turbulent magnetic fluctuations. We find three major results for fluctuations with kV A / p ∼ 1. First, the wave vectors of almost all the fluctuations are quasi-perpendicular to the local average magnetic field. Second, the plasma frame frequencies at a given wave number range from nearly zero to several times p with weak agreement with proton Bernstein and magnetosonic/whistler dispersion relations. Third, the direction of propagation in the plasma rest frame at relatively short wavelengths is predominantly in the sunward direction.
The quasi-perpendicular character of the wave vectors is consistent with previous solar wind measurements (Sahraoui et al., 2010b; Narita et al., 2011a) and with computer simulations of short-wavelength turbulence (Howes et al., 2011; Chang et al., 2011) and confirms recent studies by Chen et al. (2012) , who determined the formation of a two-dimensional structure as a transition into small-scale fluctuations in the fast solar wind.
The observed dispersion relations show no clear evidence of normal modes, but the existence and dominance of highfrequency waves confirm the observations from Narita et al. (2011a) at lower flow velocities of about 400 km s −1 . Figure 4 shows a very narrow distribution of propagation angles of about 90 • but a very broad distribution of plasma frame frequencies for a particular choice of wave number. It covers frequency and wave-number ranges of the MS/WHS and PB modes and those of the KAWs, but it does not show the narrow one-to-one correspondence between frequency and wave number predicted by linear theory. The absence of such a relationship suggests that nonlinear processes are important here, and a pure weak turbulence treatment seems not to be justified for this event unlike other multispacecraft dispersion relation observations by Sahraoui et al. (2010a) and Roberts et al. (2013) . Nonlinear effects that might contribute to broadening of the frequency spectrum include wave-particle interactions (e.g., kinetic instabilities as discussed by Kasper et al. (2002) , Hellinger et al. (2006) , and Bale et al. (2009) ), as well as wave-wave interactions (e.g., turbulent cascades as illustrated in Fig. 9 of Svidzinski et al. (2009) ). Future studies should address the effects of nonlinearities on dispersion, for example, by constructing dispersion plots for different levels of fluctuation amplitudes.
In our analysis we assumed the long-time existence of coherent and plane wave structures in the fluctuations so that other structures may exist but were not identified.
The discovery of a balanced ratio between sunward and anti-sunward components and a tendency of transition into sunward-orientated ones for higher wave numbers are in contrast to the scenario of Alfvénic turbulence (Marsch and Tu, 1990a) . Fluctuation properties are very different between the magnetohydrodynamic and kinetic regimes.
